A dot-blot assay and an enzyme-linked immunosorbent assay (ELISA) to detect listeriosis in dairy cattle were developed that detected anti-listeriolysin O antibodies in the serum of cows experimentally infected with Listeria monocytogenes. The tests utilized purified listeriolysin O (LLO) as the detection antigen and streptolysin O (SLO) to absorb cross-reacting antibodies. The two tests were compared with an agglutination test that used formalin-killed whole L. monocytogenes cells. Blood samples were collected periodically from 17 cows after intramammary gland infection, and the development of anti-LLO antibodies was followed by an agglutination test, the dot-blot test, and the ELISA. In general, an agglutination titer of >640 was needed for a positive dot-blot anti-LLO test for nonpregnant cows. However, 1 pregnant cow with an agglutination titer of 20 was positive in the dot-blot test. The ELISA was as sensitive as the dot-blot assay but gave a quantitative measurement to distinguish serum samples of positive reactors from cross-reactors. The specificity of the LLObased tests was further evaluated using serum from cows that had been experimentally infected with Staphylococcus aureus, 17 of which had agglutination titers for L. monocytogenes >640. These elevated agglutination titers were probably due to cross-reacting bacterial antigens because serum from 9 of 17 of these animals did not react to the purified LLO antigen. A positive response to the LLO-based dot-blot and ELISA assays is indicative of previous or current infection with L. monocytogenes.
Listeria monocytogenes is a facultative intracellular pathogen that infects animals and humans. 4 Food-borne infections in humans have incriminated contaminated food 5, 10 As a food safety concern, the elimination of listeriosis in animals would be a positive step in improving human health. Currently, bacterial isolation is the most dependable diagnostic method of determining listeriosis in animals. Serologic tests, such as the agglutination test, are nonspecific because of antigenic cross-reactivity between L. monogytogenes and other gram-positive bacteria, such as staphylococci and enterococci. 4 A more specific serodiagnostic test for listerial infection in humans was recently developed using purified listeriolysin O (LLO) as the test antigen. 1 Listeriolysin O was chosen as the test antigen because it is a virulence factor in L. monocytogenes and is not found in other Listeria species. 3 Antibodies to LLO have been detected in the serum of lambs 6 and goats 8 experimentally infected with L. monocytogenes. In a previous study, we infected dairy cattle with L. monocytogenes to produce Listeria-infected milk for pasteurization studies. 2 To monitor the extent of infection, blood and milk samples were periodically tested for the presence of Listeria and of agglutinating antibodies . 12 In the present study, we examined the anti-LLO antibody tests with serum from infected cattle and correlated the agglutination titers with the newly developed anti-LLO dot-blot assay and enzyme-linked immunosorbent assay (ELISA). In addition, we applied these tests to a herd of cattle experimentally infected with Staphylococcus aureus to produce clinical mastitis to evaluate possible cross-reactivity with L. monocytogenes. We report here on the sensitivities of the anti-LLO tests in cattle and propose their use for identifying infected animals.
Materials and methods
Cows. Holstein dairy cows (17) 5-7 years of age, were purchased for this L. monocytogenes infection study as previously described. 2 The other 19 Holstein cows, 3-6 years of age, were part of the mastitis research herd at the National Animal Disease Center and were located in separate nonadjacent holding pens.
Bacteria. Listeria monocytogenes, strain Scott A, serotype 4b, was injected via the intramammary route into 17 cows as previously described. 2 Staphylococcus aureus, strain 305, injected via the intramammary route was used to induce chronic mastitis in the other 19 Holstein dairy cows.
Cow sera. Blood from 17 Listeria-infected Holstein cows was taken periodically throughout the experiment. The serum was harvested, heat inactivated (56 C for 30 min), and stored frozen (-20 C) until use. Blood was collected from 19 cows previously experimentally infected with S. aureus, and the serum was harvested and stored (-20 C) until use.
Isolation of L. monocytogenes. Tissues from all cows were taken at necropsy. Ten grams of each tissue was homogenized in 90 ml of enrichment broth and incubated at 4 C for 90 days. This enrichment broth was plated onto blood agar to enumerate the L. monocytogenes.
Listeriolysin O antigen production. Listeriolysin O was purified from the cell culture supernatant after growing L. monocytogenes strain L028 a in 4.8 liters of an iron-depleted trypticase-soy broth containing 0.6% yeast extract at 42 C for 16 hr. The LLO was purified as follows using a procedure previously developed. 9 The culture supernatant was supplemented with glycerol (5% final concentration), acetic acid (50 mM final concentration), and 2-mercaptoethanol(5 mM final concentration), and the pH was adjusted to 4.95 with NaOH. The LLO was adsorbed onto a Zetaprep SP 100 capsule b and, after washing with 0.1 M NaCl, was eluted with a NaCl step gradient (0.2 M-O.5 M). The peak LLO fractions, after concentration (20x) in a Centriprep 10 c concentrator, were further purified by fast protein liquid chromatography on a Mono-S column d that was again eluted with an NaCl gradient. The purity of LLO was ascertained by silver staining a sodium dodecyl sulfate-polyacrylamide gel to which 0.1 µg of purified LLO was applied. The purified LLO was stored at -80 C until used.
Anti-listeriolysin O antibody detection by dot-blot and ELISA. The anti-LLO antibody was detected by a dot-blot analysis using a 96-well dot-blot apparatus" and a nitrocellulose (NC) membrane. To absorb antibodies that react with streptolysin O (SLO) from the test serum, NC discs containing SLO were used. Streptolysin O (0.1 µg) f in 25 µl of 0.1 M Tris-buffered saline, pH 7.4 (TBS), was added to each well of the dot-blot apparatus and adsorbed onto the NC discs for 10 min. The membrane was washed with TBS plus 0.05% Tween 20 (TTBS). After drying, each disc containing the adsorbed SLO was cut out with a paper punch (6 mm diameter). For removal of cross-reacting antibodies to SLO, the serum to be tested was diluted 1:100 with TTBS, and 150 µl was placed in the well of a microtiter tray along with 1 SLO-containing NC disc. This mixture was allowed to incubate for 10 min at room temperature (RT). The dot-blot apparatus was assembled again, and 25 ng of LLO in 25 µl of TBS was added to each well and allowed to adsorb onto the NC membrane for 10 min. The wells were washed by aspirating 3 washes of 100 µl of TTBS through the apparatus. The SLO-adsorbed serum (100 µl) was added to each well containing the LLO on the membrane. After incubation for 20 min at RT, the wells were again washed 3 times in the apparatus with 100 µl of TTBS. The NC membrane was removed and washed 3 times with TTBS on an orbital shaker for 10 min each at RT. To visualize the amount of bovine IgG that reacted with the LLO, the anti-LLO antibody was incubated with a 1:500 dilution of peroxidase-labeled antibovine IgG raised in a rabbit. g This mixture was allowed to incubate on an orbital shaker for 30 min at RT. The membrane was washed 3 times (10 min each) with TBS. Reactions were visualized using H 2 O 2 and 4-chloro-l-naphthol. f A pooled serum sample from cow no. D-64 and no. 9236 that was taken prior to infection and that had an agglutination titer of 80 was used as the negative control. These animals had the lowest agglutination titers of any of the cows tested. The positive control serum was taken from cow no. 1125 at day 136 postinfection, when the agglutination titer was >40,960. Each serum sample was scored from negative (very light purple, the same as the control serum) to 2+ (very dark purple spot).
The ELISA utilized flat-bottom 96-well microtiter plates h that were coated with LLO and incubated overnight at 37 C with 50 µl of TBS containing 25 ng LLO per well. The wells were washed 5 times with 200 µl of TTBS each time and drained. To each well, 50 µl of the 1:100 SLO-adsorbed test serum, prepared as described for the dot-blot, was added and incubated at RT for 30 min. The wells were washed 5 times with TTBS and blotted dry. To each well, 50 µl of a 1:500 dilution of the peroxidase-labeled rabbit anti-bovine IgG serum was added and incubated at RT for 30 min. After washing 5 times with TTBS and blotting dry, 200 µl of the o-phenylenediamine-hydrogen peroxide reagent f was added to each well and incubated at RT for 15 min. The plates were read in a microplate reader i at 450 nm. The negative control serum was the same as used in the dot-blot test. A serum sample was considered positive for anti-LLO antibody if the optical density value at 450 nm (OD 450 ) was more than twice that of the negative control serum (0.48).
Agglutination test. The agglutination test was performed as previously described. 11 The non-SLO-adsorbed test serum was diluted 1:10 with PBS for L. monocytogenes and 1:2 for S. aureus, and 50 µl was added to wells of microtiter plates. The serum samples were then 2-fold serially diluted 11 times. Formalin-killed whole cells of either L. monocytogenes or S. aureus were diluted to OD 600 = 0.25, and 50 µl of cells was added to each well. After 24 hr of incubation at 37 C, the plates were evaluated for cell agglutination, and the dilution of the last well in which visible agglutination occurred was recorded as the agglutination titer.
Results
The purified LLO had only 1 band on a silver-stained sodium dodecyl sulfate-polyacrylamide gel. The yield of LLO from 4.8 liters of cell culture supernatant was 250 µg.
All 17 dairy cows inoculated with L. monocytogenes became infected and shed organisms in their milk. At different times postinfection (PI), the serum agglutination titers increased, and they remained elevated throughout the remainder of the experiment. Figure 1 shows the agglutination titers, the OD 450 for the ELISA assay, and the results from the dot-blot assay for all 17 experimentally infected cows for 30 weeks. The increase in agglutinating antibody titer correlated very well early in the infection with the results of the ELISA and the dot-blot assays. Once the ELISA or dot-blot assays became positive, they remained positive until the experiment was terminated for all animals except no. 9236 and no. 9378. These 2 cows were studied for more than 5 years, and they both showed decreases in anti-LLO antibody in both assays. No L. monocytogenes could be cultured from tissues taken from these 2 cows at necropsy, even when cultured in enrichment broth at 4 C for 90 days. Listeria monocytogenes was isolated from the other 15 cows at nec- ropsy (32-40 weeks PI), usually from the mammary gland and the mammary lymph node.
An agglutination titer of 320 was the lowest titer at which a positive ELISA result was obtained for any of the 16 nonpregnant cows. The earliest time at which the ELISA was positive was at 9 days PI for cow no. D-35. The earliest time the dot-blot was positive was at day 12 for cow no. D-35. The agglutination titer of the 1 pregnant animal remained low and variable (range, 20-640) during the 81 days before parturition, but the ELISA (OD 450 = 1.16) and dot-blot results were positive after 14 days PI even though the agglutination titer was only 20 at that time.
A survey of cattle at the National Animal Disease Center for possible Listeria infection revealed a group of 17 of 19 Holstein cattle that had elevated serum agglutination titers (>1:320) to whole formalin-fixed L. monocytogenes cells. These cattle had been previously infected with S. aureus via the mammary gland as part of a mastitis experiment. The serum agglutination titers to both L. monocytogenes and S. aureus and the results of tests for serum antibody to LLO by ELISA and dot-blot are summarized in Table 1 . All 5 cows that had elevated titers to S. aureus (≥1: 1,024) also had elevated titers (>1:2,000) to L. monocytogenes (cow nos. 9, 25, 29, 30, 32), but of the 9 cows with elevated titers to L. monocytogenes (>1:2,000) 4 cows did not have elevated titers to S. aureus. One cow (no. 1) with a positive antibody reaction to LLO by the dot-blot assay had a low agglutination titer to S. aureus (1: 128). Sera from two other cows (nos. 16, 25) gave positive results in the dot-blot assay but were clearly negative in the ELISA. Six cows (nos. 5, 9, 10A, 12, 30, 32) had positive ELISA results but negative dot-blot assays. These assays should be measuring the same antibodies in the serum, but none of these animals gave the characteristic strong positive anti-LLO reactions in both ELISA and dot-blot assay as did the animals experimentally infected with L. monocytogenes ( Fig. 1) .
Discussion
The whole cell agglutination test for anti-listeria antibodies has generally been of little diagnostic value unless pre-and postinfection serum samples could be compared. Common antigens shared with other bacteria rendered the test ambiguous. 4 As seen in this study, cows with elevated titers to S. aureus also had elevated titers to L. monocytogenes, although there are no data to show that these animals had not also been previously infected with L. monocytogenes.
The purification of LLO and SLO and their application to the diagnosis of listeriosis in humans 1 led us to design a dot-blot assay and an ELISA for listeriosis in cattle. The course of infection in cows could be followed with these tests; 5 of 17 animals developed anti-LLO antibody as early as 12 days postinfection, which persisted until the animals were euthanized. The 2 cows experimentally infected with L. monocytogenes and studied for more than 5 years had declining anti-LLO reactivity beginning 2 years PI; this decline did not always correlate with the corresponding agglutination titers, probably because the diverse antibodies to the various L. monocytogenes surface antigens detected by the agglutination test decline at a rate different from that of the anti-LLO antibodies. The question of whether either of these animals was chronically infected with L. monocytogenes remains unanswered because no bacteria were isolated from tissues at necropsy.
A study detecting anti-LLO antibodies in humans 1 showed lower titers than in the cows, probably because the cows were repeatedly injected with bacteria and were persistently infected for an extended period. The anti-LLO antibody tests in humans remained positive, although the titer decreased over the 10 months the patients were followed. A similar pattern was noted in the cows.
The use of purified LLO as the test antigen should eliminate false-positive reactions to strains of Listeria such as L. innocua that do not produce LLO but still cross-react in a whole cell agglutination test. Additionally, adsorption of test serum with SLO removes antibodies to a family of thiol-containing hemolysins produced by a number of different bacteria without affecting LLO-specific antibodies.
Although LLO-based tests should be specific for the diagnosis of L. monocytogenes infection, sera from dairy cattle in a herd experimentally infected with S. aureus gave equivocal results in either the ELISA or the dotblot assay, but not both, for 8 of 19 animals. Previous exposure to Listeria was not documented, but all of these cattle were more than 5 years old and at least some had consumed silage before purchase. Listeriosis in sheep has been associated with consumption of poor quality silage, 7 and a survey of milk samples from dairy farm bulk tanks found 4.1% to be contaminated with L. monocytogenes, 11 so prior exposure to L. monocytogenes is not unreasonable. Repeated serologic testing, skin testing, or bacterial isolation might have yielded a positive result for some of these cattle, but because only 1 of the tests was positive in each case, we suspect that active infections were not involved. No attempts were made to culture L. monocytogenes from these previously S. aureus-infected animals because to do a thorough study would require euthanizing the animals to collect tissue samples. These data suggest that diagnosis of L. monocytogenes infection in S. aureusinfected mastitic cows is still a problem.
In conclusion, these LLO-based dot-blot and ELISA screening tests could be very helpful for diagnosing L. monocytogenes infection at the herd level and identifying infected animals for elimination from the herd. Further work must be done to show how serum from L. ivanovii-and L. innocua-infected animals react in these tests and how to distinguish animals chronically infected with L. monocytogenes from recovered animals.
